1. The effect of parathyroid hormone on gastric bicarbonate secretion was determined in the anaesthetized guinea pig. Subcutaneous injections of bovine parathyroid hormone (75 U.S.P units day " kg") for 7 days caused a significant increase in HCO") output. There was also a rise in K+ output and a slight elevation of H+ secretion. A similar increase in HCO") output occurred after acute intravenous injection of the hormone (75 U.S.P. units/kg).
Introduction
An association between increased levels of parathyroid hormone and gastric mucosal damage has been observed in several species (Barreras, 1973; Christiansen, 1974) and ulceration does not seem to associate with gastric hypersecretion of acid (Kelly, 1970; Wilson, Singh & Kalkoff, 1976) . Studies both in vitro (Flemstrom & Sachs, 1975; Flemstrom, 1977) and in vivo (Garner & Flemstrom, 1978; Kauffman, Reeve & Grossman, 1980) have demonstrated that gastric mucosa, in addition to secretion of H+, also transport HCO") into the lumen. Alkalinization of the lumen occurs spontaneously in the antrum and can be revealed in fundus after specific inhibition of the usually larger H+ secretion. Studies with inhibitors and stimulants led to the proposal that gastric HCO") transport may protect the epithelial surface from damage by intraluminal acid (Flemstrom, 1978; Garner, Flemstrom & Heylings, 1979) . Surface epithelium in proximal duodenum has a similar transport (Flemstrom, 1979 (Flemstrom, , 1980a and gastric (Garner & Hurst, 1980) as well as duodenal (Flemstrom & Garner, 1980; Flemstrom, 1980b) HCO") secretion may be under humoral control.
Gastric mucosal damage after injection of parathyroid hormone in rats (400 U.S.P. units day" kg", for 14 days) occurs initially in the luminal membranes of surface epithelial cells (Frenning, Johansson & <Jhrn, 1974) . A similar observation has been made in dogs with respect to the ulcerogenic effect of the carbonic anhydrase inhibitor acetazolamide (Werther, Hollander & Altamirano, 1965) , an agent which also inhibits HCO;-transport in the isolated gastric mucosa (Flemstrom, 1977) . Since exogenous parathyroid hormone is also known to reduce HCO;-transport in kidney proximal tubule (Puschett, 1978) , it was of interest to examine its effects on gastric secretion of HCO;-and H+. Relationships between calcium, calcaemic hormones and the gastrointestinal system are complex (Cooper, Bolman, Lineham & Wells, 1978) . Therefore experiments were performed in the guinea pig in vivo and, to distinguish between the actions of parathyroid hormone per se and effects of calcium released by the hormone, in amphibian fundic and antral mucosa in vitro.
Methods

Drugs and chemicals
Bovine parathyroid hormone in the form of trichloroacetic acid powder containing 140 or 248 U.S.P. units/mg (Sigma Chemical Co., St. Louis, MO, U.S.A.) was used for all studies in vivo and for most of the experiments in vitro. It was stored at -20°C and dissolved in sodium chloride solution (155 mmol/l: saline) or nutrient bathing solution immediately before use. Previous work has indicated the suitability of this hormone preparation for ,studies in vitro (Frazier, 1976) . Bovine parathyroid hormone obtained as a protein solution (100 U.S.P. units/ml; Eli Lilly Sweden AB, Stockholm, Sweden) was used for comparative purposes in some experiments in vitro.
Experiments in vivo
A full description of the technique has been published (Garner & Flemstrom, 1978) . Male albino guinea pigs (380--420 g) that had been starved for 24 h but allowed free access to drinking water were anaesthetized with urethane (1·5 mg/kg, intraperitoneally). Body temperature was maintained at 37°C with a heater controlled by an intrarectal thermistor. The abdomen was opened by a median epigastric incision, then a muItiorifice tube passed into the stomach through a cut in the duodenal wall and held in place by a tie around the pylorus. The tube was exteriorized via the right flank. After tracheostomy, a catheter was passed down the oesophagus into the stomach and positioned so that the tip terminated just beyond the cardia. A tie around the oesophagus but excluding the vagii was used both to secure the oesophageal tube and also prevent contamination of the gastric samples by salivary secretions.
After the stomach was rinsed clear of food debris, 10 ml of mannitol (310 mmol/l) was instilled via the oesophageal catheter and removed through the duodenal tube after 10 min for analysis. Intragastric Pco; was determined at the end of each 10 min instillation period by withdrawing samples from the stomach via glass capillary tubing into a Pco; electrode (E5036, Radiometer, Copenhagen, Denmark). Intragastric pH was measured with a glass-calomel electrode (GK 2321, Radiometer). Both electrodes were connected to expanded scale pH-mV meters (pHM 26, Radiometer). Total HCO;-and H+ in each instillate was determined as described previously (Garner & Flemstrom, 1978) ; total HCO;-as free HCO;-(calculated from the Pco; and pH values) plus dissolved carbon dioxide. The latter is formed during reaction between secreted HCO;-and H+; diffusion of tissue or blood carbon dioxide into, or of intragastrically formed carbon dioxide out from, the guinea-pig gastric lumen is slow. Concentrations of Na" and K+ were measured by flame photometry (Eppendorf, Netheler and Hinz, F.G.R.) and Cl-by titration (CMT 10, Radiometer). Serum calcium levels were determined in blood samples (0·4 ml) obtained via a cannula in the external jugular vein. Supernatant serum (0· 1 ml) was diluted (1 : 50) in lanthanum chloride solution (lanthanum 0·1%, w/v) to minimize interference with phosphate and the concentration (total) of calcium measured by atomic absorption spectrometry (model 460, Perkin Elmer, Norwalk, U.S.A.). The coefficient of variation was ± O·5% at a serum calcium concentration of 2·5 mmol/l.
The effect of chronic administration of parathyroid hormone was examined after injection (75 U.S.P. units dav :' kg::', subcutaneously) for 7 days. This was a sufficient amount of hormone to increase serum calcium levels significantly (vide infra). Animals were operated upon day 8 and gastric output of ions was determined over a period of 3 h. For acute study the hormone (75 U.S.P. units/kg, intravenously) was given to animals that had not previously received the hormone. In these experiments gastric electrolytes were determined during a 30 min control period and a 60 min period after injection. In both studies solution containing the hormone was adjusted to isotonicity with sodium chloride and given in a volume of 1 m!/kg. Control animals received saline alone.
Experiments in vitro
The method has previously been described in detail (Flemstrom, 1977) . Briefly, fundic mucosa from Rana temporaria or Necturus was separated from the rest of the stomach wall by blunt dissection in an unbuffered solution and then mounted as a membrane between the two halves of a Perspex chamber. For experiments on the antral region of the stomach mucosa of sufficient size was obtained from Necturus, in which species it could be readily distinguished from fundus (Flemstrom & Sachs, 1975 ). The exposed mucosal area was 1·8 em? in experiments with the fundus and 1·1 em-in experiments with the antrum.
Each side of the mucosa was bathed with 20 ml of solution which was changed three to four times before experiments were begun. An unbuffered solution, circulated by a gas lift of 100% oxygen which had been prewashed in barium hydroxide to exclude carbon dioxide, was used on the luminal (secretory) side. The solution was maintained at pH 7·4 by infusion oftitrants containing hydrochloric acid (5 mmo!/l) or sodium hydroxide (10 mmol/l) controlled by a pH-stat system (ABU 13 and TTT2, Radiometer). The nutrient (serosal) solution was buffered at pH 7·2 with HCO l (17·8 mmo!/I) and phosphate (0·8 mmo!/ I) and gassed with a mixture of O 2 + CO 2 (95 : 5, v/v). The standard luminal and nutrient solutions contained Na+ (102·4 mmol/l), K+ (4·0 mmo!/l), Ca2+ (1·8 mmol/l), Mg2+ (0·8 mmol/I), cr-(91·4 mmol/l) and SO~-(0·8 mmo!/I); mannitol and additional SO~-being added to the secretory solution to achieve the same calculated osmolarity in both solutions (221·8 mmo!/kg).
The amount of base or acid transported into the luminal solution was calculated from the volume of hydrochloric acid or sodium hydroxide titrant infused. For studies on fundic HCO l transport the histamine Hz-receptor antagonist metiamide (I mmo!/I) was added to the nutrientside bathing solution. The open-circuit transepithelial electrical potential difference was measured by matched calomel electrodes and recorded on a high-input impedance voltmeter. The electrical resistance (direct current) was determined from the change in the potential difference recorded 1 s after sending a current of 30 pA/cm z through the mucosa. Experiments were performed at 20 ± O·I°C. Hormone was given on the nutrient side of the mucosa by addition of a small volume (maximum 0·5 ml) of a concentrated stock solution. The maximum transepithelial hydrostatic pressure introduced was 2 mm water. Removal of hormone from the nutrient side was made by changing the nutrient bathing fluid for fresh solution. During this procedure the inlet and outlet of the mucosal side of the chamber in vitro were always clamped to prevent exposure of the mucosa to an excess mucosal side hydrostatic pressure.
Statistical analyses
Ion outputs in vivo were determined every 10 min. In experiments on the acute effects of intravenous parathyroid hormone or calcium statistical significance was determined by Student's t-test for paired variates by comparing data for 30 min periods before and after injection. In experiments with chronic administration of the hormone gastric ion outputs and serum calcium levels in test animals were compared with those from controls by Student's t-test for unpaired variates.
Secretory and electrical properties in vitro were recorded every 5 min and the mean values for consecutive 15 min periods calculated for individual experiments. The mean ± SEM for each experimental group is given. Statistical significance was determined by Student's t-test for paired variates by comparing values before hormone was given with those during exposure to the hormone.
Control (vide infra) and previous results (Flemstrom, 1977 (Flemstrom, , 1978 Garner & Flemstrom, 1978) indicate that spontaneous rates of HCO l transport (and electrical properties) are stable within the time periods used here in vivo and in vitro, while spontaneous H+ secretion shows a semiexponential decline.
Results
Experiments in vivo
Gastric ion outputs and serum calcium levels were determined in guinea pigs that had been injected with parathyroid hormone (75 U.S.P. units day " kg:", subcutaneously) for 7 days.
Basal outputs of HCO l and K+ showed stable rates throughout the experiments while H+ output, being initially high and declining, attained comparatively stable rates after approximately 90 min. Values achieved during the third hour (120-180 min) after the start of these experiments are shown in Fig. 1 . Outputs of HCO l and 60 0 --' ---, ----, -----, ----, ---' -in controls. These differences were not significant (P > 0·05). Serum calcium levels were significantly higher (P < 0·01) in animals injected with the hormone.
The effects of intravenous injection of 1·5 mg of elemental calcium/kg (as chloride) are shown in Fig. 2 . Both HCO J and H+ secretions were significantly increased (0·01 < P < 0·02 for HCO l and 0·02 < P < 0·05 for H+) during the 30 min period immediately after administration. Although peak H+ output occurred more rapidly in most of these experiments, HCO l was stimulated somewhat more than H+ and a rise in intragastric pH occurred. There was a slight increase in K+ output (0·02 < P < 0·05) but outputs of Nat and Cl" were unchanged (P > 0·05). Intravenously injected calcium is rapidly cleared from plasma and serum levels 30 min after the injection of calcium (1·5 mg/kg) were not significantly different from values in the preceding control (P >0·05, n = 5).
The changes in gastric ion output after injection of calcium were thus similar to those observed after chronic administration of parathyroid hormone. In an attempt to distinguish between possible actions of the hormone per se and effects due to a rise in serum calcium gastric secretions were studied immediately after intravenous injection (75 U.S.P. units/kg) in guinea pigs not previously given the hormone (Fig. 3) . Output of HCO l was higher (0·02 < P < 0·05) during the 30 min period after injection than in the 30 min control period but H+ output was unaffected, the decline in rate of spontaneous H+ secretion being the same as that observed in control animals. There were no significant changes (P > 0·05) in the outputs of Na", K+ or CI-after acute administration of the hormone.
The effect of acute injection of parathyroid hormone on serum calcium was tested in separate experiments. The pre-hormone level was 2·50 ± 0·09, that 30 min after injection was 2·66 ± 0·10 and that after 60 min was 2·74 ± 0·11 mrnol/l (means ± SEM, n = 6, 0·02 < P < 0·05 and 0·01 < P < 0·02 respectively). In controls (n = 6) serum calcium remained constant during the same period of time. Acute injection of parathyroid hormone thus resulted in a progressive rise in serum calcium, whereas the rise in the HCO l output was transient. animals (_) and controls (n = 5 for both groups). The effects of parathyroid hormone on serum calcium (d) was also determined (n = 5 for test animals and n = 22 for controls).
K+ were higher (P < 0·01) in test animals, but no significant change (P > 0·05) in the rate of H+ secretion was observed. The output of Na" and Cl" was 109·8 ± 5·3 and 159·1 ± 7·9,umol!h respectively in animals receiving parathyroid hormone and 116·5 ± 5·7 and 149 ± 2·7 ,umol!h
Experiments in vitro
To avoid the influence of calcium release the actions of parathyroid hormone on gastric ion transport were studied in vitro. As shown in 
IG. 5. Effects of parathyroid hormone on alkaline secretion by fundic mucosa from Rana temporaria. Tissueswere pretreated with the histamineH 2-receptor antagonist metiamide (l mmol/I, nutrient side) until net H+ secretion had ceased and a steady rate of alkalinization appeared. Metiamide was present in the bathing solutionthroughout the experiments. Means ± SEM are shown for hormone-treated mucosae (e: a, 0·2 U.S.P. units/ml, n = 10 and b, 2·0 U.S.P. unit/ml, n = 6) and controls (0, n = 6). transport (P < 0·01) in Necturus antrum. There were no significant changes (P > 0·05) in electrical potential difference or resistance during these experiments. A reduction in HC0 3 transport was also observed in frog fundus, where pretreatment with metiamide (1 mmol/l, nutrient side) was used to inhibit H+ secretion and reveal alkalinization (Fig. 5) . Concentrations of 0·2 and 2·0 U.S.P. units/ml had comparable inhibitory effects on the rate of HC0 3 transport (P < 0·01 for both) although recovery after removal of the hormone was slower at the higher concentration. For comparative purposes, parathyroid hormone obtained as protein solution was also tested (Fig. 6) . The effects were indistinguishable from those observed with hormone supplied as trichloroacetic acid powder (cf. Fig. 4 ). These experiments (Fig. 6 ) also illustrate that in mucosae from the same animal, although significant in both (P < 0·01), the inhibitory effect on HC0 3 transport was more pronounced in antrum than in fundus.
No effects on net H+ secretion or electrical properties were observed with hormone (2·0 U.S.P. units/ml) in the spontaneously secreting frog fundus (n = 7). The semi-exponential decline in the rate of spontaneous H+ secretion, seen also Controls showed stable rates of spontaneous HC0l" secretion (0, n = 6), whereas a semi-exponential decline in the rate of H+ secretionoccurred in both test and control animals.
Discussion
in the mammalian stomach (see Fig. 3 ) was not different from that in controls (n = 9). Inhibition of HCO l transport should result in an increase in net H+ (total H+ minus HCO;-) secretion. This was not observed, probably owing to high net H+ secretion (2-3 ,umol h-' cm') compared with HCO l (approx. 0·3 ,umol h-em:").
The demonstration of a pH gradient across rabbit gastric mucous layer, where mean pH at the epithelial surface was maintained at 7·59 with a luminal pH of2·36 (Williams & Turnberg, 1979) , supports this hypothesis. Instillation of acid in the main stomach of dogs with a fundic pouch resulted in an increase of HCO;-production in the pouch, indicating the gastric HCO;-production may be under humoral control (Garner & Hurst, 1980) . Cholecystokinin octapeptide stimulates HCO;-transport in amphibian fundus in vitro whereas glucagon at lower concentrations stimulates and at higher concentration inhibits HCO;-transport in the same preparation (G. Flemstrom, J. R. Heylings & A. Garner, unpublished work) . Gastric inhibitory peptide is an inhibitor of gastric but a potent stimulant of duodenal surface epithelial HCO;-transport (Flemstrom & Garner, 1980) . These findings suggest that surface epithelial HCO;-transport in these parts of the gastrointestinal tract that are exposed to acid gastric juice are under complex hormonal·control and made it of interest to study the effect of parathyroid hormone on gastric HCO;-transport. Furthermore, association between increased levels of this hormone and gastric mucosal ulceration has also been described for several species, including man.
Previous studies have considered effects of parathyroid hormone on net secretion (H+ minus HCO;-) and observed changes are variable and usually small (Kelly, 1970; Barreras, 1973; Christiansen, 1974; Wilson et al., 1976) . Some of this variation may reflect differences in sensitivity to calcium and in the amount of calcium released by the hormone. Given alone calcium increases net acidity in man (Barreras, 1973) , whereas in the guinea pig (Fig. 2) it caused a greater increase in HCO l compared with H+ secretion leading to a rise in intragastric pH.
Both chronic and acute administration of parathyroid hormone increased gastric HCO l secretion in the guinea pig. There was also a small (non-significant) rise in H+ and an increase in K+ output after chronic administration of the hormone. The changes are thus similar to those occurring after intravenous injection of calcium and it seems likely that the effects of parathyroid hormone on gastric ion outputs reflect mainly an action of calcium. However, acute injection of the hormone resulted in a progressive increase in serum calcium while gastric HCO l increased only transiently. This might possibly reflect a stimulatory effect of parathyroid hormone, unrelated to the release of calcium. In experiments with antral and fundic mucosa from the same animals (Necturus), parathyroid hormone (arrows: 0·2 U.S.P. unit/rnl, nutrient side) had a more pronounced and longer lasting inhibitory action in antrum (e) than in fundus (0). To uncover alkaline secretion in the fundus acid secretion was inhibited with metiamide (l rnmol/l, nutrient side).
Means ± SEM are shown (n = 6 for both).
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Previous publications have reported that isolated antrum (Flemstrom & Sachs, 1975; Fromm, Schwartz, Robertson & Fuhro, 1976) and fundus (Flemstrom, 1977) actively transport HCO;-into the gastric lumen. Secretion of HCO;-with similar properties has also been shown in the guinea-pig whole stomach and dog fundic pouch (Garner & Flemstrom, 1978; Kauffman et al., 1980) . The greater sensitivity of HCO l compared with H+ secretion to ulcerogenic agents such as acetacolamide, a-adrenoreceptor agonists and non-steroidal anti-inflammatory drugs (Flemstrom, 1977 (Flemstrom, , 1978 Garner, 1977; together with the stimulatory action of. ulceroprotective prostaglandins Kauffman et al., 1980) suggests it has a protective role. It is proposed that transport of HCO l by the surface epithelial cells protects the mucosa from damage by alkalinizing the luminal surface. Assuming neutralization occurs in a boundary zone oflow turbidity, small amounts of HCO l could protect against considerably larger amounts of intraluminal acid.
Whereas calcium also stimulates RCO) transport in the isolated amphibian mucosa (Flemstrom, 1978) , experiments in vitro make it possible to distinguish between local and systemically mediated effects. In addition, this preparation facilitates determination of electrical properties of the mucosa and enables experiments with different regions of the stomach. Parathyroid hormone inhibited antral and fundic RCO) transport in vitro but the effect was, in the same animals, greater and of longer duration in the antrum. Paracellular shunt pathways account for a greater proportion of total tissue conductance in this tissue and passive permeation of RCO) contributes to 30-40% of luminal alkalinization (Flemstrom & Sachs, 1975; Spenney, Flemstrom, Shoemaker & Sachs, 1975) . In the fundus paracellular conductance is normally low (Spenney, Shoemaker & Sachs, 1974) and active transport alone seems to account for luminal alkalinization (Flemstrom, 1977) . In the isolated mucosa parathyroid hormone had no effect on total tissue conductance, measured as transepithelial resistance. Furthermore the decrease of some 60% in an antral alkalinization suggests that the hormone may almost abolish the active component of RCO) transport in this tissue.
Preferential inhibitory action of parathyroid hormone on RCO) transport in the anatomically smaller antrum together with the stimulatory effect due to release of calcium could explain the inability to demonstrate inhibition of RCO) secretion by the hormone in the intact stomach. It is also possible that larger doses of hormone than used here in vivo are required for an inhibitory effect of parathyroid hormone on gastric RCO) transport. Effects of doses larger than those sufficient to elicit a significant rise in serum calcium levels were not studied.
